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NATIONAL ADVISORY COMMITPEX FOR AERONAUTICS 
RESEARCH MEMORANDUM 
HEAT TRANSFEX IWEWRED I N  FREX FLIGHT ON A SLIGHTLY 
BLUNTED 25O CONE-WINDER-FLARE CONFIGURATION 
AT MACH NUMBERS U P  TO 9.89" 
By Dorothy B. Lee, Charles B. Rumsey, and Aleck C. Bond 
SUMMARY 
Skin temperatures and surface pressures have been measured a t  a 
number of locations on a s l igh t ly  blunted cone-cylinder-flare configu- 
r a t ion  a t  Mach numbers up t o  9.89 at corresponding free-stream Reynolds 
6 numbers per foot up t o  1.21 x 10 . 
A t  the higher Mach numbers (above approximately 4.5) the model w a s  
not a t  zero angle of attack. Theoretical values of heating rates are 
i n  very good agreement with the  experimental data p r io r  t o  the  occur- 
rence of angle of attack. A t  t he  higher Mach numbers theore t ica l  pre- 
dict ions of heating rates on the upwind and downwind s ide of t he  conical 
nose agree w e l l  w i t h  the measured data when ef fec t ive  angles of a t tack  
a re  assumed. 
Local t rans i t ion  Reynolds numbers measured on t h i s  s l i gh t ly  blunt 
nose configuration were similar t o  those previously measured on a sharp 
nose configuration which w a s  more slender but had similar surface rough- 
ness conditions. 
INTRODUCTION 
Aerodynamic heating on missiles a t  supersonic and hypersonic speeds 
A phase of 
Refer- 
i s  currently being investigated by the Langley P i lo t l e s s  Aircraf t  Research 
Division by means of rocket-propelled models i n  free f l i g h t .  
these investigations has deal t  w i t h  the  study of heating and t r ans i t i on  
on cones and subsequently on cone-cylinder-flare configurations. 
ence 1 reports t he  first test  i n  which heat-transfer data w e r e  obtained 
along the en t i r e  cone-cylinder-flare body a t  Mach numbers up t o  4.7. 
* 
Ti t le ,  Unclassified. 
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A s  an extension of t h i s  work, a second cone-cylinder-flare configuration 
similar t o  that of reference 1 w a s  f l i g h t  tested a t  Mach numbers up t o  
9.89 t o  obtain heating and t r ans i t i on  data a t  high Mach numbers. 
preliminary r e s u l t s  of the  t e s t  were presented i n  reference 2 which 
reported the  pressure and skin-temperature measurements obtained on the  
s l i gh t ly  blunted 25' cone, the cylinder, and the  loo half-angle f l a r e .  
These data were presented i n  t h i s  preliminary form t o  make the  r e s u l t s  
of t he  high Mach number tes t  available as soon as possible.  
report  presents t he  heat-transfer data obtained from the  temperature 
measurements presented i n  reference 2. 
bas ic  information given previously concerning model configuration, 
instrumentation, and propulsion technique i s  included here for the  con- 
venience of the reader. 
The 
The present 
A considerable portion of the  
The f l i g h t  t es t  w a s  conducted at the  Langley P i l o t l e s s  Aircraf t  







P - Po 
pressure coefficient,  
0 .  W2P0 
specif ic  heat of air a t  constant pressure, Btu / lb-q  
specif ic  heat of w a l l  material, Btu/lb-%J 
gravi ta t iona l  constant, 32.2 f t / sec2  
Mach number 
Prandtl  number 
pressure, lb/sq in .  
heating r a t e ,  Btu/(sq f t ) ( s e c )  
Reynolds number 
radius of nose, in .  
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T 
t time, sec 
v velocity, f t / sec  
VC 
temperature, % (unless otherwise noted) 





length from zero station, in .  
emissivity 
density of air, slugs/cu f t  
density of wall material, lb/cu f t  
CJ Stefan-Bolt- constant, 0.4806 x 10 -I2 Btu 
ft2-sec-( OR)  
7 
% 
Sub sc r ip t s  : 







thickness of wall, f t  
recovery fac tor  




t r a n s i t  ion 
w a l l  condition 
loca l  
t 
1. 
MODEL AND INSTRUMENTATION 
Model Configuration 
The model was a body of revolution 6.68 f e e t  long with a blunted 
25' cone-nose section, a cyl indrical  midsection, and a 10' half-angle 
f l a r e  section. 
dimensions of the model. 
The conical nose w a s  spun from Inconel sheet approximately 0.032 inch 
thick.  
welded t o  the  nose skin. 
t i p  from melting. The three external channels equally spaced around 
the  cylindrical  portion of the body provided cable conduits frm the  
telemeter i n  the  nose t o  the power plugs and antenna at the base of the 
f l a r e .  The cylinder and f l a r e  section were both ro l led  from 0.032-inch- 
thick Inconel and welded together. The f l a r e  skin w a s  backed by balsa 
wood t o  aid i n  maintaining the conical shape. 
Figure 1 i s  a sketch showing pertinent d e t a i l s  and 
Figures 2 t o  4 show photographs of the  model. 
I The blunt t i p  w a s  machined from a so l id  bar of Inconel and 
The nose w a s  blunted i n  order t o  prevent the 
Prior t o  assembly, the nose, cylinder, and f l a r e  sections were 
polished and then heat-treated i n  order t o  oxidize the skin surface so  
that i t s  emissivity would not change rad ica l ly  as the skin heated during 
the f l igh t .  The oxide coating w a s  removed from the forward 2- inches of 
the blunted nose i n  an attempt t o  have laminar flow f u l l y  established 
before encountering the rougher oxided surface, and t h i s  portion of the 
nose w a s  highly polished as can be seen i n  the  photograph of figure 3 .  
The polished area a t  the base of the nose cone ( f ig .  3 )  w a s  a r e s u l t  of 
smoothing r i v e t  heads a f t e r  the nose w a s  oxided. 
3 
4 
Measurements made w i t h  a Physicists Research Company Profilometer 
indicated surface roughnesses i n  microinches (rms) were as follows: 
p r io r  t o  oxidizing, 3.5 t o  7 on the nose cone, 10 t o  20 on the cylinder, 
and 2 t o  3 on the f l a r e ;  after oxidizing, 10 t o  12 on the oxidized nose 
surface and 2 t o  3 on the highly polished forward portion of the nose. 
Roughness measurements were not made on the  cylinder and flare a f t e r  
oxidizing. 
Instrumentation 
Twenty-four temperatures, f ive pressures, the thrus t  acceleration, 
and the  drag deceleration were telemetered from the  model during f l i g h t .  
The telemeter w a s  located i n  the nose section and protected from the  
high nose-skin temperatures reached during the t e s t  by a radiat ion shield 
which was ro l led  from 0.032-inch-thick Inconel and spaced approximately 
1/4 inch inside the  external nose skin. 
\ 
t 
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One pressure o r i f i ce  w a s  located near t he  forward end of the  nose 
section, another on the  cylinder just forward of t he  cylinder-flare 
junction, and three were located along the flare section, at  the  s t a t ions  
indicated i n  figure 1. 
l i n e  midway between two of the  external channels i n  order t o  minimize any 
influence of t he  channels on the pressures measured on t h e  flare. 
A l l  the  or i f ices  were located on a longitudinal 
Twenty-three thermocouples w e r e  ins ta l led  on t h e  skin of the  model 
at  the  locat ions indicated i n  figure 1, and one w a s  located on the  
rad ia t ion  shield.  
along two longitudinal l i n e s  180° apart  circumferentially, six along the  
upper l ine ,  and f i v e  at  nearly duplicate s t a t ions  along the  lower l i ne .  
A l o n g  t he  upper l i ne ,  f i v e  thermocouples w e r e  a l s o  located on the  cyl- 
inder, and seven on the flare. 
l i n e  of the pressure o r i f i c e s  and midway between two channels so as t o  
minimize any influence of o r i f i ce s  and channels on temperature measure- 
ments. I n  order t o  reduce the  heat losses t o  the  ba lsa  backing under- 
neath the  flare at the temperature measurement points,  cutouts w e r e  
made i n  the ba lsa  i n  the region of each thermocouple. The thermocouples, 
made of No. 30 chromel-alumel w i r e ,  were spot-welded t o  the  inner sur- 
face of the skin.  During the  f l i g h t  the thermocouple on t h e  rad ia t ion  
shield and several  of those on the  skin f a i l e d  t o  operate o r  gave qui te  
e r r a t i c  da ta  and are not reported herein. The measured thicknesses of 
t h e  Inconel sk in  at the  locations where t h e  thermocouples did operate 
s a t i s f a c t o r i l y  are given i n  tab le  I. 
The eleven thermocouples on the  nose skin w e r e  located 
The upper l i n e  w a s  located D O o  from t he  
During f l i g h t ,  three standard voltages and the  outputs of twelve 
thermocouples w e r e  commutated on each of two telemeter channels so that 
each temperature .measurement w a s  recorded about f i v e  t i m e s  per second. 
The three standard voltages, which w e r e  chosen equivalent t o  the  lowest 
m i d r a n g e  and the  highest temperature anticipated,  served as an in- f l igh t  
ca l ibra t ion  of the  thermocouple telemetering system. 
Other instrumentation consisted of ground-based rad- u n i t s  f o r  
measuring model veloci ty  and f o r  obtaining the  posi t ion of the  model i n  
space. 
burnout of the  second-stage motor (t  = 29.5 seconds) , and beyond t h i s  
t i m e  model veloci ty  w a s  obtained by integrat ion of telemetered longitu- 
d ina l  accelerat ion and a l s o  by d i f fe ren t ia t ion  of the  radar fl ight-path 
data (up t o  f i r i n g  of the  fourth-stage motor). 
from a modified SCR-584 radar which tracked the model u n t i l  firing of 
the fourth-stage motor and provided s lan t  range, azimuth, and elevat ion 
angle from which a l t i t ude ,  horizontal range, and model f l igh t -pa th  angle 
were calculated. The range of the SCR-584 radar w a s  extended beyond i ts  
normal skin tracking range by use of a modified AN/DPN-19 radar beacon 
which w a s  i n s t a l l ed  i n  the forward end of the third-stage motor. A f t e r  
f i r i n g  of the  fourth-stage motor, the f l ight-path da ta  w e r e  extended by 
double integrat ion of the  telemetered longitudinal-acceleration data. 
Velocity da ta  were obtained by m e a n s  of CW Doppler radar through 
These data were obtained 
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Atmospheric data and wind conditions were measured t o  an a l t i t u d e  of 
92,800 f e e t  by means of a radiosonde launched near t he  time of f l i g h t  
and tracked by Rawin set AN/GMD-IA. Standard atmospheric conditions 
( ref .  3) agreed very w e l l  with the  measured atmospheric data  at the  
higher a l t i t udes  and were used t o  extend t h e  data  through the  peak a l t i -  
tude (99,400 f e e t )  of the  f l i g h t .  
+ 
PROPULSION AND TEST TECHNIQVE 
The propulsion system consisted of four stages of solid-propellant 
rocket motors. 
(Honest John) and M 5  JATO rocket motor (Nike), respectively.  The t h i r d  
stage was a c lus te r  of three ABL Deacon rocket motors enclosed within a 
cyl indrical  skin and the  fourth stage w a s  a T-40 Thiokol rocket motor 
carr ied within the  cyl indrical  section of t he  model. 
The f i rs t  and second stages were an M6 JATO rocket motor 
Figure 4 shows t h e  complete assembly on the  launcher ju s t  p r io r  t o  
f i r i ng .  The model combination w a s  launched at an elevation angle of TO0 
and the f i r s t  two stages were used t o  boost the  third-stage and model t o  
high a l t i tude .  
between the  t h i r d  stage and model prevented premature separation of 
these stages. 
coasting of the  t h i r d  and fourth stages, and the  t h i r d  stage w a s  f i r e d  
during the reentry of the  model i n t o  the  denser atmosphere a t  a f l i g h t -  
path angle of about -4' t o  t he  horizontal .  About 0.7 second after burn- 
out of the third-stage motor, t he  four th  stage f i r ed ,  b las t ing  the  model 
free f r o m  the  t h i r d  stage, and accelerated the  model t o  the  maximum Mach 
number of  9.89 a t  an a l t i t ude  of 89,600 feet .  
various stages were chosen t o  obtain the  maxFmum Mach number without 
exceeding allowable skin temperatures. 
the  model followed as w e l l  as notations of the  various stage f i r i n g  times 
i s  shown i n  figure 5. 
maximum Mach number w a s  reached. 
- 
Locking devices between the  second and t h i r d  stages and 
A peak a l t i t ude  of 99,400 feet w a s  a t ta ined  during 
The f i r i n g  times f o r  t he  
A portion of the  t r a j ec to ry  t h a t  
The telemeter s ignal  ended 1.5 seconds after 
Time h i s to r i e s  of veloci ty  and a l t i t u d e  f o r  t he  model through peak 
velocity a re  presented i n  f igure 6 and the  free-stream veloci ty  of 
sound, s t a t i c  pressure, temperature, and density are shown i n  f igure  7. 
The variation of free-stream Mach number and Reynolds number per foot  
with time i s  presented i n  f igures  8 and 9, respectively.  
DATA REDUCTION 
* 
Representative curves of the  skin temperatures measured on the  nose 
cone, cylinder, and f lare  during the  f l i g h t  are shown i n  figure 10 t o  - 
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0 0  0 0 0 0 0 0  0 0  
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indicate general trends and magnitudes t h a t  occurred. 
perature data for  each s t a t ion  are  shown i n  figures 11 and 12 f o r  the 
periods when the aerodynamic heating was greatest ,  that is, between 24 
and 42 seconds and between 92 seconds and the end of the t e s t .  
measured data indicated by the tes t  points were fa i red  as shown by the 
so l id  l ines .  
measured slopes from the fa i red  curves. 
earlier portion of the test  are quite regular at  each s ta t ion  with a 
minimum of sca t te r  as can be noted i n  figure 11. 
a l l y  within about 5' of the fa i red  curves. 
the  test ,  the telemeter signal had begun t o  get  progressively weaker, 
resu l t ing  i n  considerably more scat ter  and temporary interruptions i n  
the  data of f igure 12. The accuracy of these data, both i n  regard t o  
temperature leve l  and slope, i s  somewhat l e s s  than that of the e a r l i e r  
data. 
The measured tem-  
The 
The loca l  heating rates were then computed by using the 
The temperature data f o r  the 
These data are gener- 
However, toward the end of 
In  order t o  determine the temperature gradient through the skin, 
the  method of reference 4 w a s  used t o  compute the  outside w a l l  tempera- 
ture of a typical  measurement s ta t ion  during the time period from 
94 seconds t o  the end of the  test  which w a s  the  time period of maximum 
temperature rise. 
between inside and outside w a i l  temperature w i t h  t he  difference gener- 
a l l y  being l e s s  than 5 O  F. 
were neglected i n  determining the ra tes  of change of skin temperature. 
The r e su l t s  showed a maximum difference of only 14O F 
Therefore, the gradients through the skin 
Time h is tor ies  of experimental aerodynamic heating r a t e s  were com- 
puted from the fa i red  skin-temperature time h is tor ies  by the use of the 
equation 
i s  the time rate of change of heat stored i n  the model dTW 
where cwpwT dt 
skin, per u n i t  area, and i s  the external radiat ion heat-flow 
term. The specif ic  heat of Inconel cw and the emissivity E f o r  
oxidized Inconel are shown i n  figure 13 as a function of temperature 
as obtained from reference 5.  
mTW4 
The loca l  theoret ical  heating rates  were computed from the re la t ion  
e. e.. e e.. e e. .e e e .e. .e . e  . e  *  . e . .  e . .  e . .  
* *  * * *  * * *  e. e - . :  
e. .e. e e . e. * * e  :*: e .  e .  e . .  
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Adiabatic w a l l  temperatures were obtained from the r e l a t ion  
The usual Npr 'I3 fo r  turbulent flow and Npr '12 f o r  laminar flow were 
used f o r  the theoret ical  values of % with Npr evaluated at  w a l l  
temperature. Total temperature T t  w a s  computed f rm f l i g h t  condition6 
with the use of the var ia t ion of cp with temperature. 
Values of NSt f o r  laminar and turbulent flow were obtained from 
the theory of Van Driest ( re f .  6) as functions of appropriate l oca l  
Reynolds numbers, Mach numbers, and r a t i o s  of 
of reference 7. Flat-plate theory w a s  used f o r  the cylinder, and conical 
theory w a s  used f o r  the nose come and flare; that is, the length f o r  
computation of loca l  Reynolds number w a s  taken as 1/2 cone length plus  
cylinder length plus 1/2 f l a r e  length t o  the appropriate s t a t ion  fo r  
turbulent theory and as 1/3 cone length plus  cylinder length plus  l /3  
flare length for  laminar theory. 
T W  
T 2  
-, by use of the  charts  
Local conditions were determined i n  the following manner. A t  the  
nose-cone stations,  s t a t i c  pressure w a s  obtained from sharp-cone theory 
(ref.  8) and t o t a l  pressure w a s  taken as that behind a normal shock, 
S t a t i c  pressures along the cylinder were obtained fram the method of 
character is t ics  solutions f o r  cone-cylinder bodies given i n  reference 9. 
Total pressure along the cylinder was taken as tha t  behind a conical 
shock a t  the nose. 
w a s  small i n  r e l a t ion  t o  the length of the nose. Reference 10 shows 
tha t  for the blunt nose of t h i s  t e s t  the low Mach number layer i s  thicker 
than the l a m i n a r  boundary layer only on the  nose cone. 
on the f l a r e  were determined from the loca l  conditions on the cylinder 
by the use of conical theory f o r  the  shock a t  the cylinder-flare junc- 
ture .  
t o  obtain loca l  Mach number from which loca l  temperature and loca l  density 
were obtained by the use of perfect gas re la t ions.  Tables 11, 111, and 
IV give loca l  and free-stream values of M and R per foot and loca l  
values of T. 
This assumption w a s  made because the nose bluntness 
Flow conditions 
The r a t i o s  of loca l  s t a t i c  t o  loca l  t o t a l  pressure were then used 
Sta t ic  pressures measured on the flare are  compared i n  f igures  14(a) 
and 14(b) with theoret ical  pressures cmputed f o r  a deflection angle of 
theories at the  flow conditions at the end of the cylinder. 
ured pressures for  the  ear ly  time in te rva l  fa l l  between the two-  and 
three-dimensional theoret ical  pressures as did the pressure6 measured 
10' (flare half -angle) using two-dimensional and three-dimensional & The m e a s -  
- 
z 
i -  
l -  
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on a loo flare reported i n  references 1 and 11. During the later time 
in te rva l  the measured pressures osc i l la te  beyond the  range of both 
theories  but with the three-dimensional theory approximately averaging 
the measured pressures. A s  previously noted, conical flow w a s  assumed 
t o  determine the flare loca l  conditions f o r  computation of theore t ica l  
heating rates herein. 
about 20 percent larger  if  two-dimensional theory had been used. T h i s  
i s  due primarily t o  the difference between two- and three-dimensional 
s t a t i c  pressure since the  difference between two- and three-dimensional 
t o t a l  pressure had less than 2 percent influence on the computed theo- 
r e t i c a l  heating rates. 
the  end of the test the  trends of the measured pressures are d i f fe ren t  
from the trends of the  theore t ica l  pressures. 
due t o  angle of attack which w i l l  be discussed later. 
The theoret ical  heating r a t e s  would have been 
It may be noted i n  f igure 14(b) t h a t  towards 
This is  believed t o  be 
RESULTS AND DISCUSSION 
Aerodynamic Heating Rates 
The comparison of experimental and theore t ica l  aerodynamic heating 
rates on the  nose cone ( f igs .  l?(a) and l5 (b ) )  shows that f rm 27 sec- 
onds t o  30 seconds the boundary layer w a s  turbulent as far forward as 
s t a t ion  14.18 on the upper l i n e  and s t a t ion  9.54 on the lower l i ne .  
After 30 seconds, as the Reynolds number on the  cone decreased (see 
tab le  N), the flow on the  en t i r e  nose cone became laminar. 
mental laminar and turbulent data f o r  the  nose cone are i n  good agree- 
ment with the  corresponding theoret ical  values. 
The experi- 
The experimental heating on the cylinder ( f ig .  15(c)) showed the  
sme trends with time as the rearmost s t a t ion  on the  upper side of t he  
nose cone, but w i t h  turbulent flow existing longer at  the  rearward cyl- 
inder s ta t ions.  The turbulent data f o r  the  cylinder s ta t ions  are 
s l igh t ly  lower than the turbulent theory. The lamina r  data are i n  good 
agreement with the laminar theory. On the  f l a r e  ( f igs .  l5(d)  and l5( e ) ) ,  
the f l o w  w a s  turbulent as evidenced by the  good agreement between experi- 
mental and turbulent theoret ical  heating rates. 
Figure 16 shows time h is tor ies  of t he  heating rates during the  
in te rva l  from 97 t o  106 seconds during which t i m e  the  pressures of 
figure 14(b) show osci l la t ions and departures frm theore t ica l  predic- 
t ions  fo r  zero angle of attack. Along the  upper l i n e  on the  nose cone 
(f igs .  16(a) and 16(b)),  the  experimental data a t  each s t a t ion  became 
much lower than laminar theory as time progressed. The data along t he  
lower l i n e  on the  nose cone ( f igs .  1 6 ( ~ )  and 16(d))  became greater than 
the  l a m i n a r  theory, though not as great as the  turbulent theory, as time 
progressed. This difference from theory is  believed t o  be due t o  angle 
of attack with the upper thermocouple l i n e  on the lee s ide of the body 
and the lower l i n e  on the windward s ide of the body. 
f o r  the trends of the nose-cone data during t h i s  time period and a l so  
f o r  trends observed i n  data on the  f lare as w i l l  be noted i n  the  following 
paragraphs. 
This would account 
The heating a t  the  cylinder s ta t ions  ( f ig .  16(e)) indicates that 
the  flow remained laminar a l l  along the  cylinder. 
A t  each of the f l a r e  s ta t ions  ( f igs .  16( f )  and 16(g)) ,  the data 
agreed w i t h  the  turbulent theory a t  the  beginning of the time period. 
Later during the t i m e  Interval  the  experimental heating at  the first 
two s ta t ions approached the laminar theory and at the fur ther  rearward 
s ta t ions  w a s  somewhat below turbulent theory. These trends could be 
accounted f o r  by an angle of a t tack with the upper thermocouple l i n e  
(that i s ,  flare thermocouples) being on the  leeward s ide of the body, 
as w i l l  be noted i n  connection w i t h  the p l o t s  showing the d is t r ibu t ion  
of heating along the  body a t  the later times. 
Figures l7(a) and l7(b)  show the d is t r ibu t ion  of heating along the .. 
body for several times during the e a r l i e r  time period, 27 t o  33 seconds. 
On the cylinder, the turbulent theore t ica l  r a t e s  tend t o  be s l i gh t ly  
higher than the measurements; whereas, on the nose cone and f l a r e ,  the 
theoret ical  heating r a t e s  agree very well  with the  measurements. Refer- 
ence 12 suggests using loca l  Reynolds number based on length from the 
cylinder-flare juncture t o  predict  theore t ica l  values f o r  f lare heating. 
These theoret ical  predictions were higher than the experimental data  of 
reference 12 f o r  a loo flare but showed good agreement w i t h  t he  experi- 
mental data fo r  a 30° f l a r e .  
number based on length from the cylinder-flare juncture f o r  the present 
test  were considerably higher than the  f lare experimental data as shown 
i n  figure l7(a) a t  t = 29 seconds. 
Theoretical predictions using Reynolds 
Why t rans i t ion  occurred f a r the r  forward on the lower l i n e  of the 
nose than on the  upper l i n e  a t  times up t o  30 seconds i s  unknown. From 
31 seconds on, while the Reynolds number w a s  rapidly decreasing, laminar 
flow spread over the  en t i r e  nose and par t  way back along the cylinder. 
Transition Reynolds numbers obtained from these p lo t s  w i l l  be considered 
l a t e r .  
Figures l7(c)  t o  l7 ( f )  show the d is t r ibu t ion  of heating rates along 
the body a t  several times during the l a t e r  period of strong aerodynamic 
heating. The dis t r ibut ions of heating along the upper and lower surfaces 
of the cone are generally lower and higher, respectively, than the laminar 
theory which i s  f o r  zero angle of attack. On the cylinder, the data are 
generally i n  fair agreement w i t h  laminar  theory. On the f l a r e ,  the data 
are i n  f a i r  agreement w i t h  the  turbulent theory a t  97 and 98 seconds but 
at  later times f a l l  progressively lower than turbulent theory. These 
. 
I -  
N C A  RM L58G2l 
....... ............... . . . . . . . . . . . . . . . .  .. 0 0 0 . .  0 . .  0 .  . . . . . . .  I .............. 11 
heating trends on the  nose and f l a r e  suggest that t h e  model w a s  f ly ing  
a t  an angle of a t tack  with the  upper thermocouple l i n e  on the  lee s ide  
of the body. 
locat ions w e r e  estimated f o r  angle-of-attack conditions. 
w a s  made that the upper and lower thermocouple l i n e s  w e r e  i n  the plane 
of angle of attack and the  loca l  conditions along the upper and lower 
thermocouple l i n e s  were assumed t o  be those on cones with cone half- 
angle la rger  and smaller, respectively, than the ac tua l  nose cone by 
the  amount of t he  angle of attack. These l o c a l  conditions w e r e  then 
used w i t h  the measured skin temperatures t o  compute theore t ica l  heating 
r a t e s  f o r  angles of a t tack  a t  two times (102 and 104 seconds) which are 
shorn i n  figure 18. 
r e t i c a l  l amina r  heating r a t e s  f o r  an assumed angle of a t t ack  of 8 . 5 O  
agree well  with the  data measured along both the  upper and lower thermo- 
couple l ines .  
between the measured data and the  theoret ical  computations f o r  an assumed 
angle of a t tack  of 12.5'. It should be noted that similar agreement 
between the measurements and computations would e x i s t  f o r  a condition of 
la rger  angles of a t tack but  with the thermocouple l i n e s  displaced i n  
r o l l  from the plane of angle of attack. I n  fact, t he  pressures measured 
on the nose ( f ig .  19) tend t o  indicate t h i s  condition. 
measured 600 circumferentially from the  lower (or  windward) thennocouple 
l i n e  and 0.63 diameter behind the  blunt-nose t i p  suggest an angle of 
a t tack  which increased with time, but the  values are not as much above 
t h e  zero-angle-of-attack l eve l  a s  would be expected f o r  a locat ion 60° 
circumferentially frm the  upwind element of t h e  cone. Probably the  
angle of a t tack  w a s  l a rger  than the  values assumed i n  figure 18, but 
w i t h  t he  thermocouple l i n e s  approximately 30° from the plane of t he  
angle of a t tack  (and effect ively at the assumed angles) and w i t h  the  
pressure o r i f i ce  approximately No from the  plane of the angle of a t tack.  
More ref ined analysis has not been attempted since there are insuf f i -  
c ient  data or  theory i n  regard t o  pressure behind a blunt-nose t i p .  
Theoretical heating ra tes  at  the  nose-cone thermocouple 
The assumption 
Figure 18(a) shows that at 102 seconds, t he  theo- 
Figure 18(b) shows similar agreement at  104 seconds 
The pressures 
Estimation of angle-of-attack influence on the flare heating w a s  
not made since loca l  conditions on the flare at  an angle of attack could 
not be determined. However, turbulent rates on the leeward s ide of the 
flare would be expected t o  be lower than turbulent rates f o r  zero angle 
of at tack.  The experimental data  on t he  flare are lower than zero angle- 
of-attack turbulent theory pr ior  t o  104 seconds but appear t o  be of 
turbulent character. 
heating rates close behind the  cylinder-flare juncture t o  be low may be 
indicat ive of separated flaw. The pressures measured on the  flare 120° 
circumferentially from the  l i n e  of thermocouples a l so  indicate  the  possi-  
b i l i t y  of flow separation i n  the v ic in i ty  of the cylinder-flare juncture 
a f t e r  104 seconds. 
After 104 seconds the tendency f o r  t h e  flare 
(See f i g .  14(b) .) 
Transit ion 
Transition data fo r  several  f l i g h t  models are shown i n  figure 20(a) 
along w i t h  the  present data. The models of references 13 and 14 have 
sharp polished noses and that of reference 1 has a pointed oxidized nose 
cone w i t h  t he  t i p  rounded off w i t h  a radius  of about 0.01 inch. 
present t e s t  i s  a s l i gh t ly  blunted oxidized nose cone. 
numbers of 2 and below, the  present measurements are lower than t r ans i -  
t i o n  data f o r  sharp-cone models and appear t o  be a continuation of t he  
data of reference 1 which had a similar surface roughness though much 
slimmer bluntness. 
t rans i t ion  Reynolds number. 
the t rans i t ion  Reynolds number near 
R t r  
The 
A t  l o c a l  Mach 
It appears that blunting did not influence the  loca l  
When t r ans i t i on  moved back on the  cylinder, 
M = 3.5 increased over the  nose 
i n  a similar fashion t o  the  data of reference 1. 
I n  figure 20(b) the  temperature r a t i o  of the present test  i s  lower 
a t  M = 2.0 than the referenced data and similar a t  other Mach numbers. 
It appears that temperature did not have a large influence on the  t r ans i -  
t i o n  Reynolds number. 
Transition Reynolds numbers are not shown f o r  the high-speed later 
port ion of t he  t e s t  because of the presence of angle of attack. However, 
it may be noted from t h e  heating d is t r ibu t ion  i n  figures l7 (c )  t o  l7(e) 
that the  flow w a s  laminar a t  least as far back as the last s t a t i o n  on 
t h e  cylinder. 
based on length from the  nose t i p  with zero-angle-of-attack assumptions 
varied from 2.5 x lo6 t o  3.5 x 10 6 during t h i s  la ter  time when the loca l  
Mach number varied between 4.6 and 9.0. 
The loca l  Reynolds numbers at the  las t  cylinder s t a t i o n  
CONCLUSIONS 
Skin temperatures and surface pressures have been measured at  a 
number of locat ions on a s l igh t ly  blunted cone-cylinder-flare configura- 
t i o n  a t  Mach numbers up t o  9.89 a t  corresponding free-stream Reynolds 
numbers up t o  1.21 x 10 6 per  foot .  A t  t he  higher Mach numbers (above 
approximately 4.5) the model w a s  not a t  zero angle of a t tack.  
of the  data indicate  the following: 
Analysis 
1. Theoretical values of heating rates based on conical flow on the  
nose and flare and f la t  p l a t e  theory f o r  t he  cylinder are i n  very good 
agreement with t h e  experimental data p r io r  t o  the occurrence of angle 
of attack. 
2. A t  the  higher Mach numbers (above approximately 4.3) theore t ica l  
predictions of heating r a t e s  on the  windward and leeward s ide of the  
NACA RM ~58221 
conical nose agree w e l l  w i t h  the measured data  when ef fec t ive  angles of 
a t tack  were assumed. 
3 .  Laminas heating rates were measured a t  forward locat ions on the 
nose cone throughout the  test and as f a r  rearward as the last measure- 
ment s t a t i o n  on the cylinder during low Reynolds number portions of the 
test. 
6 4. Transit ional Reynolds numbers, which varied between 2.8 x 10 
and 14.9 x lo6, were not greater  f o r  t h i s  blunted nose configuration 
than those on a similar sharp-nosed model which had similar surface 
roughness. 
Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 
Langley Field,  Va., July 9, 1958. 
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TABLE I.- SKIN TRICKNESS AT THERMOCOUPLF: STATIONS 
Stat ion Thickness, in. 





Cone - lower l i n e  






23 * 37 0.0321 
34.37 9 0315 
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TABLF: 111.- LOCAL TEMPERATURE 
Cone 
A l l  
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t , sec 
Figure 8.- Variation of Mach number w i t h  time for the t e s t  vehicle. 
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~ ~~~ ~ 
Figure 9.-  Variation of Reynolds number per foot  w i t h  t i m e  f o r  the  
tes t  vehicle. 
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-- Van Dr ies tr s  turbulent theory ---- Van Driestla laminar theory 
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34 36 
(a)  Heating r a t e s  along the upper l i n e  on the  nose cone. 
Figure 15.- Experimental and theo re t i ca l  heating rate comparisons at 
times 27 t o  36 seconds. 
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(b)  Heating rates along t h e  lower l i n e  on the  nose cone. 
. 
Figure 15. - Continued. 
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- -Van Driest 9 (I turbulent theory -- - -Van Driest's laminar theory 
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( c )  Heating rates on the  cylinder. 
Figure 15. - Continued. 
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( d )  Heating rates on the  forward fou r  s ta t ions  of the  flare.  
Figure 15. - Continued. 










--Van Driest's turbulent theory - - --Van Driest!s laminar theory 
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I 
(e )  Heating r a t e s  on the rearward three s ta t ions  of the flare. 
Figure 15. - Concluded. 
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(a) Heating rates on the  forward two s t a t ions  on the upper l i n e  on the  
nose cone. 
Figure 16.- Experimental and theoret ical  heating rates a t  t i m e s  97 t o  
106 seconds. 








96 9.8 100 102 1 04 106 
t, 8 8 C  
Heating r a t e s  on the two rearward s ta t ions  on the upper l i n e  on the 
nose cone. 
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Van Driest18 turbulent theory --- -Van Driest's laminar theory 
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( c )  Heating rates on the two forward s ta t ions  on t h e  lower l i n e  on t h e  
nose cone. 
Figure 16. - Continued. 
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-- Van Driest's turbulent theory ---- Van Driest's laminar theory 
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(d)  Heating rates on the two rearward s t a t ions  on the lower l i n e  on the 
nose cone. 
Figure 16.- Continued. 









--Van Driest's turbulent theory ---- Van Driest's laminar theorp 
Sta 34.37 
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(e) Heating rates on the cylinder. 
Figure 16.- Continued. 
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( f )  Heating rates on the  three forward s ta t ions  of the  flare. 
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(g)  Heating r a t e s  on the three rearward f l a r e  s ta t ions  which recorded 
a t  t h i s  time. 
Figure 16. - Concluded. 
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--Van Driest's turbulent theory 
-----Van Driest's laminar theory 
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(e) For t i m e s  103.0 and 104.0 seconds. 
Figure 17.- Continued. 











(f) For times 105.0 and 106.0 seconds. 
Figure 17. - Concluded. 
. 
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Turbulent theory - - - -Laminar theory 
0 Upper line 




0 10 20 30 40 
x ,  in. 
(a)  A t  time 102 seconds for assumed angle of a t t ack  of 8.5'. 
Figure 18.- Comparison of heating rates measured on the  nose cone with 
theory for angle-of-attack conditions. 
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x ,  1n. 
(b) A t  time 104 seconds f o r  assumed angle of at tack of 12.5'. 
Figure 18. - Concluded. 
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(b) Condition at transition. 
Figure 20.- Boundary-layer transition measurements. 
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